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Abstract 
This paper describes the derivation of a modified equation for solar collector efficiency that is expressed using the heating load 
term instead of the inlet fluid temperature term from the currently used linear collector efficiency equation. The parameters in the 
modified equation are estimated using test data measured for 14 days. In evaluation of the equation’s validity, the calculated daily 
collector efficiency agrees well with the measured daily collector efficiency, with a correlation coefficient of 0.9110. The 
equation ]g also be expressed in another form by including the term for the shape of the hot water storage tank in the solar 
heating system. Collector efficiencies with parametric changes are WU`Wi`UhYXk]h\h\YYgh]aUhYXdUfUaYhYfgUbX
WcadUfYXwith different global solar irradiance on solar collectors, daily average ambient temperature and heating loads per 
collector area. It would be necessary to estimate the parameters for better performance of the efficiency equation with more data 
from long-term system simulations at various operating conditions. 
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1. Introduction 
Solar collector efficiency is expressed in the form of either a linear or a quadratic equation [1]. The equations can 
be used to estimate the energy performance of a solar heating system using detailed system simulation tools such as 
TRNSYS [2] that can calculate inlet fluid temperature or mean temperature. However, the energy performance 
estimation using the detailed simulation tools is time-consuming and relies on user expertise and skill to deal with 
 
 
* Corresponding author. Tel.: +82-42-860-3525; fax: +82-42-860-3538. 
E-mail address: khlee@kier.re.kr 
 2014 The Authors. Published by Elsevier Ltd. 
election and peer review by the scientific confere c  committee of SHC 2013 under responsibility f PSE AG 
146   Kyoung-ho Lee and Nam-choon Baek /  Energy Procedia  48 ( 2014 )  145 – 149 
the software tools. Therefore, it would be more productive and convenient if an efficiency equation is available that 
does not require the inlet fluid temperature or mean temperature for quick assessment of solar heating systems. In 
this paper, a modified collector efficiency equation is proposed for solar heating systems and its validity is evaluated 
using experimental data.  
 
Nomenclature 
ܣ௖ collector area 
ܣ௦௧ floor area of hot water storage tank 
݄௦௧ total height of hot water storage tank assuming cylindrical shape 
݄௦௧ǡ௟௢௪ height of the lower part below heat exchanger in hot water storage tank 
ܨ௥ heat removal factor 
ܨ௥ᇱ modified heat removal factor 
ܩ௦ global solar irradiance 
ܯ௦௧ǡ௟௢௪ mass of lower part in hot water storage tank 
௅ daily heating load 
ݍ௨ heat transfer rate 
ܴܵ slenderness ratio defined as the ratio of ݄௦௧ to ܣ௦௧ 
௔ܶ  ambient air temperature 
௖ܶǡ௜  fluid temperature at collector inlet 
௦ܶ௧ǡ௟௢௪   fluid temperature at lower part in hot water storage tank 
௪ܶ௛ǡ௜௡ inlet city water temperature to hot water storage tank for domestic hot water supply 
௪ܶ௛ǡ௠௜௫  supplied water temperature to hot water demand for domestic hot water supply 
௪ܶ௛ǡ௢ outlet water temperature from hot water storage tank for domestic hot water supply 
௅ܷ heat transmittance coefficient 
ɒȽ product of transmittance and absorptance of solar collector 
ɏ௦௧ water density in lower part of hot water storage tank 
 
2. Development of modified solar collector equation 
2.1. Derivation of collector efficiency equation 
The purpose of deriving a modified equation for solar collector efficiency is to enable quick assessment of the 
system, by replacing the inlet fluid temperature term in the equation with the heating load term that is usually 
available at the conceptual design stage. To accomplish this, the entire system including the solar thermal storage 
tank and heating load is considered, as seen in Fig. 1. The following assumptions are used in this study: 
x The inlet mass flow rate into the solar thermal storage tank is constant. 
x The auxiliary heater is controlled such that ௪ܶ௛ǡ௢ is maintained at a constant temperature setpoint. x The mixed hot water flow is maintained constant by an automatic control valve or through manual adjustment by 
hot water users. 
The rate of useful heat gain ݍ௨ from the solar collector is expressed as in [3]: 
 
ݍ௨ ൌ ܨ௥ܣ௖ൣܩ௦߬ߙ െ ௅ܷሺ ௖ܶǡ௜ െ ௔ܶሻ൧     (1) 
 
Introducing a modified heat removal factor ܨ௥ᇱ changes equation (1) to 
 
ݍ௨ ൌ ܨ௥ᇱܣ௖ൣܩ௦߬ߙ െ ௅ܷሺ ௦ܶ௧ǡ௟௢௪ െ ௔ܶሻ൧     (2) 
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Consider a thin control volume at a lower part of the solar storage tank that is close beneath the heat exchanger. 
The temperature at the lower part of the solar storage tank ௦ܶ௧ǡ௟௢௪  can be expressed as an exponential function that is 
the solution of a governing differential equation on the temperature at the lower part in the solar thermal storage 
tank, as seen in equation (3):  
 
௦ܶ௧ǡ௟௢௪ ൌ ݉଴ ൅ ܿଵሺെ݉ଵܳ௅ሻ      (3) 
 
where ݉଴ ൌ ௪ܶ௛ǡ௜௡ , ݉ଵ ൌ ߚ ൌ ͳȀ௦௧ǡ௟௢௪ܿ௣൫ ௪ܶ௛ǡ௢ െ ௪ܶ௛ǡ௜௡൯, and ܿଵ ൌ ௦ܶ௧ǡ௟௢௪ǡ௜௡௜ െ ௪ܶ௛ǡ௜௡. 
 
Substituting equation (3) into equation (2) gives 
 
ݍ௨ ൌ ܨ௥ᇱܣ௖ሼܩ௦߬ߙ െ ௅ܷሾ݉଴ ൅ ܿଵሺെ݉ଵܳ௅ሻ െ ௔ܶሿሽ   (4) 
 
The efficiency of the solar collector is written as 
 
ݍ௨ ൌ ߟ௖ܩ௦ܣ௖        (5) 
 
Combining equations (4) and (5) and dividing both sides by ܩ௦ܣ௖ gives 
 
ߟ௖ ൌ ܾ଴ െ ܾଵሺͳȀܩ௦ሻ ൅ ܾଶሺ ௔ܶȀܩ௦ሻ െ ܾଷ൫൫െܾସᇱ ሺܳ௅Ȁܣ௖ሻ൯ Ȁܩ௦൯   (6) 
 
where ܾ଴ ൌ ܨ௥ᇱ߬ߙ , ܾଵ ൌ ܨ௥ᇱ ௅ܷ݉଴ ൌ ܨ௥ᇱ ௅ܷ ௪ܶ௛ǡ௜௡ , ܾଶ ൌ ܨ௥ᇱ ௅ܷ , ܾଷ ൌ ܨ௥ᇱ ௅ܷܿଵ ൌ ܨ௥ᇱ ௅ܷ൫ ௦ܶ௧ǡ௟௢௪ǡ௜௡௜ െ ௪ܶ௛ǡ௜௡൯ , and 
ܾସᇱ ൌ ܣ௖݉ଵ ൌ ܣ௖Ȁൣܯ௦௧ǡ௟௢௪ܿ௣൫ ௪ܶ௛ǡ௢ െ ௪ܶ௛ǡ௜௡൯൧ . 
 
The collector efficiency equation (6) is then expressed as a function of ambient temperature, solar irradiation, and 
heating load. 
2.2. Consideration of storage tank shape 
The collector efficiency equation (6) can be further modified by considering the shape of the storage tank with the 
term Mst,low, which is the mass of the lower part of the storage tank. The term can be expressed as 
 
ܯ௦௧ǡ௟௢௪ ൌ ߩ௦௧ܣ௦௧݄௦௧ǡ௟௢௪      (7) 
 
If a parameter SR is introduced, then equation (7) can be rewritten as 
 
ܯ௦௧ǡ௟௢௪ ൌ ሺ݄௦௧Ȁܴܵሻଶ൫ߩ௦௧݄௦௧ǡ୪୭୵ߨ൯     (8) 
 
where ܴܵ ൌ ݄௦௧Ȁݎ௦௧ . 
Combining equations (6) and (8) gives another form of the collector efficiency equation as 
 
ߟ௖ ൌ ܾ଴ െ ܾଵሺͳȀܩ௦ሻ ൅ ܾଶሺ ௔ܶȀܩ௦ሻ െ ܾଷሼሾെܾସሺܴܵȀ݄௦௧ሻଶሺܳ௅Ȁܣ௖ሻሿȀܩ௦ሽ   (9) 
 
where ܾସ ൌ ܣ௖Ȁൣߩ௦௧݄௦௧ǡ୪୭୵ߨ൫ ௪ܶ௛ǡ௢ െ ௪ܶ௛ǡ௜௡൯൧. 
 
3. Evaluation of collector equation 
An experimental solar water heating system was installed to obtain efficiency data. Fig. 2 shows a schematic of 
the system and points measured for temperature, flow rate, and solar radiation. The system consists of two evacuated 
solar collectors of 3.74 m2 tilted at an angle of 20°, a storage tank of 0.3 m3, and a pellet-boiler of 20,000 kW as 
148   Kyoung-ho Lee and Nam-choon Baek /  Energy Procedia  48 ( 2014 )  145 – 149 
Fig. 1. Schematic of solar heating system Fig. 2. Schematic of test facility for solar heating systems
backup. Water heating loads were varied hourly with typical hourly domestic hot water demands. Four different
daily loads were scheduled: 8.3 kWh, 10.4 kWh, 41.7 kWh, and 72.9 kWh. Experiments were performed between
September 17th to October 16th; data were gathered for 14 days under various sky conditions for each heating load
condition. In this study, equation (6) is used for parameter estimation of the collector efficiency equation. Parameters 
in the collector efficiency equation (6) are found using nonlinear regression. No incident angle modifier was 
considered in this study.
Fig. 3(a) compares the measured and calculated daily collector efficiencies of 14 test days. The correlation 
coefficient calculated is 0.9110, which indicates a very close linear relationship. Fig. 3(b) also shows the measured
and calculated daily collector efficiencies of 14 test days. The calculated root-mean-square difference is 0.159.
(a) (b)
Fig. 3. Comparison of measured and calculated daily collector efficiencies (a) correlation and (b) comparison for test days
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Fig. 4. Parametric calculation of collector efficiency (a) efficiency with solar radiation and heating load and (b) efficiency with
solar radiation and ambient temperature
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Collector efficiencies with parametric changes are shown in Fig. 4. In Fig. 4(a), the collector efficiency is plotted 
against the global solar irradiance on solar collectors, at different heating loads per collector area. As seen, collector 
efficiency increases exponentially with global solar irradiance and increases with heating load. Fig. 4(b) plots the 
collector efficiency against global solar irradiance, at different daily average ambient temperatures. As seen, 
collector efficiency increases with ambient temperature.  
The calculated efficiencies are based on the test data for 14 days, so it is necessary to evaluate the parameters of 
the efficiency equation with more data from long-term system simulations under various operation and weather 
conditions.  
Klein et al. [4] developed the F-Chart method to calculate the monthly solar fraction of a solar heating system. In 
this method, a simulation model that can estimate the long-term thermal performance of solar heating systems was 
proposed, and information obtained from various simulations was used to develop the general design procedure for 
solar heating systems. In a future study, the proposed efficiency equation will be evaluated for its suitability for use 
in the design of solar heating systems when the parameters have been estimated using extensive simulation data by 
applying an approach similar to that employed by Klein et al. [4]. 
4. Conclusion 
In this paper, a modified collector efficiency equation was derived and evaluated for its validity using measured 
daily collector efficiency. The currently used linear efficiency equation requires inlet fluid temperature as an input 
that needs detailed system simulation to determine the energy performance of a solar heating system. In the 
modified equation, the inlet fluid temperature term was replaced with the heating load term that is obtained easily as 
given information. Using test data obtained for 14 days, parameters in the equation were estimated, and the 
calculated daily collector efficiency agreed well with the measured daily collector efficiency.  
With the modified equation, it is expected that a simple performance evaluation method can be developed as a 
quick assessment tool for solar heating systems. The term that expresses the height and area of the storage tank was 
not included as part of the evaluation in this study. This term could be evaluated as a parameter for designing the 
shape of the hot water storage tank in a solar water heating system in a future study. 
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